Langmuir-Blodgett (LB) films formed of some discotic liquid crystals, namely 3,4,9,10-tetra-(n-alkoxy-carbonyl) 
Introduction
During last twenty years, the development of organic light emitting diodes (OLEDs) has made considerable progress. The basic requirements for the organic layer used in OLEDs are that it exhibits luminescent properties, is a good charge transporter, and efficiently injects the charge carriers of the electrodes [1] . The transport of charge carriers in organic compounds will be favoured by increasing order of molecules. Therefore well-ordered materials are requested, in which the energy and charge transport are rapid and directional. Because liquid crystals possess the ability to self-organize spontaneously into highly ordered structures, luminescent compounds with liquid crystalline properties are the subject of intensive research in the field of molecular electronics. It was found that some homologues of 3,4,9,10-tetra-(n-alkoxy-carbonyl)-perylenes are able to form a columnar hexagonal liquid crystalline phase over a certain temperature range [2] , which in connection with their excellent fluorescent properties [2] [3] [4] gives opportunity to use these dyes as an active layer in OLEDs. One of the possibilities to obtain active layers is utilization of Langmuir-Blodgett technique, which offers a unique method for fabricating ultrathin ordered layers [5] [6] [7] .
Here, we present the results of the study of Langmuir--Blodgett (LB) films formed of six members of the homologous series of 3,4,9,10-tetra-(n-alkoxy-carbonyl)-perylene mixed with arachid acid by means of optical spectroscopy methods: electronic absorption and fluorescence. The aim of investigations was to obtain information about intermolecular interactions in ultrathin ordered layers of perylene derivatives at the air-solid substrate interface.
Materials and methods
The synthesis details of 3,4,9,10-tetra-(n-alkoxy-carbonyl) -perylenes (1-6), which molecular structure is shown in Fig. 1 , are described in Ref. 3 . The compounds are characterized by brilliant yellow colour, thus they can be treated as dyes. Arachid acid (AA) with a quoted purity of > 99% was purchased from Sigma-Aldrich.
Langmuir and Langmuir-Blodgett films were fabricated in a Minitrough 2 (KSV Instruments Ltd., Finland). This trough was equipped with two barriers for monolayer compression. The subphase was deionized water, purified to final resistivity of 18.2 MWcm by a Milli-Q system (Millipore Corporation, Austria). A constant subphase temperature was maintained by a cooling circulator and kept constant at (20.5 ±0.5)°C. Chloroform with spectroscopic quality was used as a spreading solvent. Dyes 1-6 or their mixtures with AA dissolved in chloroform were spread drop by drop from a microlitre syringe (Hamilton, England). The chloroform was allowed to evaporate for 15 min after spreading. Next, the monolayer was compressed, symmetrically from both sides at a barrier motion speed of 5 mm min -1 , while the surface pressure p, as a function of the mean molecular area A, was monitored by a Wilhelmy plate balance with an accuracy of ±0.1 mN/m. All measurements were repeated on fresh subphases three to five times to confirm reproducibility. Standard trough cleaning procedure was adopted between measurements.
Mono-and multilayers (up to 6 layers) of the dye/AA mixtures for the molar fraction (MF) of all the perylene derivatives up to 0.5 were deposited on polished quartz slides (35×10×1 mm 3 ) with hydrophilic surfaces by moving the slides vertically through the floating monolayer at the rate of 5 mm/min. The deposition was done keeping the monolayer under the constant pressure below the collapse point, and the transfer ratio was of around 1.
Absorption spectra of LB films were recorded in the UV-Vis region by means of a spectrophotometer CARY 400, and fluorescence measurements were carried out with a photon-counting spectrofluorimeter built in our laboratory and described in detail in Ref. 8 . The exciting light was the 436-nm line from a high-pressure mercury lamp. Both in the absorption and fluorescence measurements, the incident light beam was normal to the substrate surface.
Results and discussion

Surface pressure-mean molecular area isotherm
The surface pressure-mean molecular area (p-A) isotherm measurement is basic and widely used technique to characterize a Langmuir film. It is a plot of the change in the surface pressure (a measure of the change in surface tension of the water covered with monolayer with respect to pure water) as a function of the average area available for one molecule on the water surface. For the compounds investigated, the isotherms were recorded both during compression and expansion processes and only small differences in isotherm runs were found. This means that the equilibrium conditions were obtained. Figure 2 presents p-A isotherms of Langmuir films formed from the mixtures of dye 3, as an example, with AA at various molar fractions (MF) of the dye, together with the isotherms of pure compounds. The p-A runs for pure dyes 2-6 and AA obtained in this study are in agreement with those given in Refs. 9, 10, and 6, respectively. From the analysis of the shapes of isotherms for mixed films, it follows that with decreasing AA content, the slope of the isotherm increases, which means that the monolayer on the water surface becomes less stable. However, the values of the collapse pressure p C remain almost constant in the whole MF region indicating that addition of AA does not influence the rigidity of the Langmuir film.
The miscibility of the two components in the Langmuir film can be determined from the shape of the p-A isotherms for various MFs on the basis of the surface phase rule and the excess criterion [11] . Figure 3 shows the values of the excess of the average area per molecule
, as a function of MF of a dye for all the mixtures of perylene-derivatives with AA. A 12 is here the average molecular area in the two-component film, x 1 and x 2 are the molar fraction of the components, and A 1 and A 2 are the single component areas at the same p. It follows from the results presented in Fig. 3 that all the dyes under investigation mixed with AA show A E ¹ 0. However, the deviation from an additivity rule, in comparison with the results obtained previously for dyes 2-6 mixed with the liquid crystal 8CB [10] , is relatively small. This fact, together with the lack of p C changes with the mixture composition would indicate immiscibility or at most partially miscibility in the dye/AA systems. Figure 4 shows long-wavelength absorption and emission spectra of dye 5, as an example, mixed with AA (MF = 0.5) in the LB film formed by deposition of three monolayers at p = 9 mN/m and, for comparison, dissolved in ethanol at c = 5×10 -5 mol/dm 3 . Similar spectra for other dyes were obtained, and their characteristic parameters are gathered in Table 1 . In isotropic solvents, the absorption spectra of 1-6 show vibronic structure with two peaks and the emission spectra are almost mirror-image of the absorption spectra. The length of the alkyl chains has no influence on the spectral properties of the dyes. The spectra are characteristic of monomer absorption and fluorescence [4, 12, 13] .
Intermolecular interactions in Langmuir-Blodgett films of liquid crystalline perylene derivatives
Spectroscopic studies of perylene-derivatives/AA mixtures in LB films
Both absorption and fluorescence spectra of LB films are different as compared with the spectra of diluted solution. Absorption spectra of LB films formed of 3 layers of dye/AA mixtures, similarly as LB films of the dyes themselves [9, 10, 14, 15] , show an extensive broadening and red shift of the maxima of the long-wavelength band. Moreover, the ratio of both maxima in the band is different than in the ethanol. It is different for various dyes, similarly as the maxima positions and the values of the half-bandwidth, which indicates that in the case of LB films, the length of alkyl chain of the substituents affects the absorption spectra. All these observations lead to the conclusion that in LB films of 1-6 mixed with AA intermolecular interactions occur, leading to the formation of dimers or higher order aggregates. Indeed, neither an additional peak nor a shoulder, which could suggest aggregates formation in the ground state [13, 16, 17] , is observed, but the confirmation of the existence of such interactions results from Fig. 5 . In Fig.  5(a) , the absorption spectra of LB films formed of 3 layers of 1/AA mixture at MF = 0.1, 0.3, and 0.5 are presented, whereas Fig. 5(b) shows the spectra of LB films of 1, 3, and 6 layers of 4 mixed with AA at MF = 0.5. It can be seen that the absorbance varies proportionally neither to the dye content nor to the number of the layers. This lack of the proportionality indicates that some fraction of self--aggregates between dye molecules is created in LB films. The changes of the absorbance with the mixture composition and with the number of layers are different for various dyes, which evidences the influence of alkyl chains lengths on the intermolecular interactions.
Because the molar extinction coefficient of 1-6 is quite large over 40 000 [3, 4, 14] in compressed monolayers, one can expect the dipole-dipole interaction leading to the exciton coupling. It is known on the basis of the molecular exciton model [18, 19] that the interaction between transition dipoles results in the splitting of the energy level of the excited state into two levels with higher and lower energy relative to the undisturbed excited state. The change in en- ergy of these two levels is called Davydov splitting and can be calculated from the equation
where M is the dipole moment vector of the molecule, q is the angle between the dipole moment vector and R vector, and R is the length of the vector joining the centres of two dipoles. For a parallel dimer configuration of perylene-like dye molecules, the co-planar arrangement of transition moments occurs. In this case, the transition to one of the excited states, corresponding to antiparallel alignment of dipole moments, is forbidden, while the energy difference between the excited monomer state and the exciton state is equal to 1/2DE.
When the alignment of the dipole moments in the aggregates is such that 0°< q < 54.7°, the exciton band is located energetically below the monomer band causing a red shift in the absorption spectrum, and created aggregates are called J-aggregates [20] . For 54.7°< q < 90°, the exciton band is located energetically above the monomer band causing a blue shift, and corresponding aggregates are referred to as H-aggregates [20] . When q = 54.7°, no shift in the absorption spectrum is observed, and the aggregates are then called I-aggregates [21] .
The significant broadening of the absorption band of 3,4,9,10-tetra-(n-alkoxy-carbonyl)-perylenes in LB films with respect to that characteristic for monomers, accompanied with a red shift of absorption maxima, allow us to suppose that we deal here with some fraction of J-aggregates.
The fluorescence spectra of 1-6 mixed with AA in LB films are quite different from those in diluted solutions. In these spectra we observe the structureless broad fluorescence band with the maximum around 550-600 nm and, in some cases, small shoulder at shorter wavelength (»520 nm). A shape of the band depends on the length of the alkyl In our previous papers [8] [9] [10] 14, 15] we reported about the fluorescence spectra of LB films formed of dyes 2-6, pure and mixed with two liquid crystals, and supposed that the main emitters in LB films are excimers, which originate from interaction of neighbouring molecules after one is excited. Benning et al. [2] have found that the maximum of the excimer fluorescence band of 3,4,9,10-tetra-(n-alkoxy--carbonyl)-perylenes in the crystalline state appears at 582-600 nm (depending on the alkyl chain length). However, in LB films of perylene and its derivatives two types of emission were observed, Y-emission, which originates from partially relaxed excited molecular pairs (excimer precursors) [12, 13, 22] and E-emission, connected with the existence of genuine excimers [12, 13] . The contributions of both emissions to the fluorescence spectra depend on the molecular structure of substituents attached to the perylene skeleton, on the excitation wavelength and on the temperature [16, [23] [24] [25] [26] . The position of Y-type emission maximum for some perylene-derivatives in LB films [16, 24, 25] occurs at 530-550 nm, whereas E-type emission is observed at »600 nm [23] [24] [25] [26] . Studying the mixtures of 1-6 with AA in LB films formed of one layer, we obtained the fluorescence spectra with one maximum at 550-565 nm, depending on the dye [curve 1 in Figs. 6(b) and 7(b) ]. As the concentration of the dye rises, small broadening of the fluorescence band at the red side appeared, especially for the dyes with short alkyl chains (1-3), similar as it was observed for the monolayer of pure 3,4,9,10-tetra-(n-alkoxy--carbonyl)-perylenes on quartz slides [8] [9] [10] 14, 15] . Thus, taking into account the shape of the fluorescence spectrum we can suggest that Y-type emission with only small contribution of E-type emission occur for LB films made of one layer of dyes 1-6 and their mixtures with arachid acid.
Intermolecular interactions in Langmuir-
The situation changes as the number of layers increases. For 3 layers and MF = 0.1, two distinctly separated peaks can be distinguished for dyes 1-4, one peak with maximum at about 525 nm and the second one at 590 nm (1) to 560 nm (4). Relative intensity of both peaks changes with the rise of the layers number and the dye content, for 6 layers and MF ³ 0.2 the long wavelength peak dominates the spectrum strongly. This leads to the conclusion that increasing number of layers and/or dye concentration in the LB film is favourable for such interaction between two molecules of perylene derivatives which gives genuine excimer emission. The same observation was made for dye 2 after 3-fold deposition of the Langmuir film onto quartz slides at the surface pressure behind the collapse point (corresponding to the condensed phase of the floating monolayer) [9, 15] , meaning that the high molecular organization is conducive to excimer creation too. Moreover, it should be noticed that with the rise of the layers number and the dye concentration the maximum of the long-wavelength fluorescence peak shifts towards longer wavelengths and for LB films of 6 layers and MF of the dye equal to 0.5 appears at 600 nm for 1, 586 nm for 2, 580 nm for 3, and 575 nm for 4. This indicates that the fraction of genuine excimers in LB films of 3,4,9,10-tetra-(n-alkoxy-carbonyl)-perylenes mixed with AA is dependent on the alkyl chains length in the dye molecules. Further confirmation of this statement can be different shape of the fluorescence spectrum for LB films of 5/AA and 6/AA mixtures. LB films formed of these mixtures gave the fluorescence spectra in which the maxima cannot be separated as in the case of 1-4 mixed with AA. Solely at MF £ 0.3 for 5/AA mixture and at MF = 0.1 for 6/AA mixture, the broadening of the fluorescence band at the short-wavelength side is observed [ Fig. 6(a) ]. With the rise of the layers number and the dye concentration, the maximum position shifts somewhat to the red, but for 6 layers it occurs not further than at 565 nm for 5 and 556 nm for 6. This evidences that in this case the fraction of genuine excimers is significantly smaller than in the case of molecules with shorter alkyl chains. Thus, it is clearly seen that when the length of the alkyl chains in the substituents to the perylene core is too long, the molecules are hindered to assume the conformation giving E-type emission.
Conclusions
Six members of the homologous series of 3,4,9,10-tetra--(n-alkoxy-carbonyl)-perylene, 1-6, and their mixtures with arachid acid have been studied as mono-and multilayers Langmuir-Blodgett films. On the basis of the absorption spectra, it has been found that molecules of 1-6 can create the self-aggregates already in the ground state. However, the alkyl chains substituted to the main molecular core (perylene skeleton) hinder molecules to become close and thus the aggregates fraction is small. The significant broadening of the absorption band of LB films with respect to that characteristic for monomers and the shift of the maxima towards longer wavelengths indicate that J-aggregates [20] can be formed in the ground state in ultrathin layers at the air-solid substrate interface.
Opto-Electron. Rev., 16, no. The detailed analysis of the fluorescence spectra allow to conclude that 1-6 mixed with AA in LB films can create molecular configurations giving Y-type (excimer precursor) and E-type (genuine excimer) emissions. The contributions of both emission types depend on the length of the alkyl chains substituted to the perylene core, as well as on the number of layers and the dye content in LB films. The length of alkyl chains has strong influence on the molecular cores (aromatic-aromatic) interaction and when they are too long, the fraction of genuine excimers decreases. However, increasing number of layers and MF of a dye causes an enhancement of E-type emission. This means that the molecular pairs giving Y-type emission in the case of one layer and small dye concentration have now favourable conditions to yield the conformation emitting genuine excimer emission.
